DC-DC converters integrated into a panel are proposed for mobile display applications using indium gallium zinc oxide (IGZO) thin film transistors (TFTs). The proposed positive DC-DC converter uses cross-coupled and diode-connected structures for a high output voltage and a high power efficiency, while the proposed negative DC-DC converter uses also a cross-coupled structure but with separated pumping capacitors for a negative output voltage and a high power efficiency. The simulated results show that the output voltage and power efficiency are 21.3 V and 69.5% for the positive DC-DC converter and À5:1 V and 56.1% for the negative DC-DC converter, respectively, at a supply voltage of 10 V and a load current of 250 mA. The measured results show that the output voltage and power efficiency of the proposed positive DC-DC converter are 20.8 V and 66.6%, respectively, under the same conditions as those for the simulated results. #
Introduction
Indium gallium zinc oxide (IGZO) thin film transistors (TFTs) are promising candidates for the backplane of flat panel displays, such as active matrix organic light-emitting diode (AMOLED) displays and active matrix liquid crystal displays (AMLCDs), because they have various advantages over polycrystalline silicon (poly-Si) or hydrogenated amorphous silicon (a-Si:H) TFTs. IGZO TFTs can be fabricated using a lower temperature process 1, 2) and have fewer processing steps than poly-Si TFTs. IGZO TFTs also have a higher field effect mobility and a higher current on/off ratio as well as a higher stability under a constant current stress 3) than a-Si:H TFTs. Scan drivers integrated into a panel using IGZO TFTs have additional advantages that result in a lighter and thinner display with a reduction in the number of interconnects and an improvement in reliability against mechanical shock.
4)
However, a scan driver integrated into the panel requires a high voltage up to 20 V in order to fully turn on the switching TFTs in pixels and a negative voltage of À5 V in order to reduce the leakage current of the switching TFTs in pixels. As a result, the scan driver requires external ICs for additional supply voltages, increasing the fabrication cost of the display system. Therefore, DC-DC converter as well as scan drivers should be integrated into a panel.
However, it is difficult to implement analog circuits, such as DC-DC converters, using IGZO TFTs because IGZO TFTs have an inherent depletion mode characteristic. Furthermore, only n-type TFTs can be utilized because it is difficult to implement p-type IGZO TFTs because their native defects, such as zinc interstitials and oxygen vacancies, act as donors.
5) Therefore, it is not suitable to integrate the previously reported DC-DC converters 6,7) on a panel using IGZO TFTs. Figures 1(a) and 1(b) show a twostage Dickson's charge pump and a cross-coupled DC-DC converter, respectively. The Dickson's charge pump 6) in Fig. 1(a) can be implemented using only n-type TFTs, but it has a relatively low power efficiency due to the diodeconnected TFT in the first stage. The complementary metaloxide-semiconductor (CMOS)-type cross-coupled DC-DC converter 7) in Fig. 1 (b) is difficult to implement because the IGZO TFT is inherently n-type.
In this paper, we propose DC-DC converters integrated into a panel for mobile display applications using n-type IGZO TFTs to overcome the aforementioned problems. Figure 2 shows the schematic diagram of the proposed positive DC-DC converter that consists of eight n-type IGZO TFTs, four pumping capacitors, and two storage capacitors. Figure 3 shows nonoverlapped clock signals (CLK and CLKB), which are used as input signals. N1-N4 shown in Fig. 2 represent n-type cross-coupled structures. N5-N8 represent diode-connected structures. Because nodes A and B are not connected to node C, the parasitic capacitance of nodes A and B decreases compared with that of an n-type cross-coupled structure, which is implemented simply by changing the p-type TFTs shown in Figure 4 shows a schematic diagram of the proposed negative DC-DC converter that consists of six n-type IGZO TFTs, four pumping capacitors, and one storage capacitor. N2 and N3 shown in 
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Simulation Results
The performance of the proposed positive DC-DC converter, two-stage Dickson's positive charge pump, and crosscoupled positive DC-DC converter is verified using simulation results. The cross-coupled positive DC-DC converter consists of only n-type TFTs, as shown in Fig. 5 . Table I shows the simulation conditions. The SmartSpice 8) and RPI amorphous model (level = 35) 9) of SILVACO are used as a circuit simulator and a TFT model, respectively. We assumed that the maximum load current of the scan driver for 2.2-in. qVGA display applications is 200 mA when the output 10) The supply voltage of driving circuits using low temperature polySi (LTPS) TFTs in mobile display applications is generally 5 V, but IGZO TFTs have a relatively low mobility compared with LTPS TFTs. Therefore, we assume that the supply voltage for DC-DC converters using IGZO TFTs is 10 V. Fig. 1(a) . Although the positive cross-coupled DC-DC converter has a relatively high power efficiency, it cannot supply the required output voltage because n-type TFTs of the source follower structure have a low driving capability due to the source follower structure during pull-up operation. As shown in Table II , the proposed positive DC-DC converter can supply the required output voltage and has a higher power efficiency than the two-stage Dickson's positive charge pump. Figure 7(a) shows the output voltage with respect to the load current of three positive DC-DC converters including the proposed positive DC-DC converter. As the load current increases, the output voltage of the two-stage Dickson's positive charge pump and positive cross-coupled DC-DC converter decreases more markedly than that of the proposed positive DC-DC converter. The performance of the proposed negative DC-DC converter, one-stage Dickson's negative charge pump, and negative cross-coupled DC-DC converter is verified using simulation results. Figure 8 shows simulated output voltage waveforms of the proposed negative DC-DC converter, onestage Dickson's negative charge pump, and negative crosscoupled DC-DC converter. When there is no load current, the output voltages of the proposed negative DC-DC converter, one-stage Dickson's negative charge pump, and negative cross-coupled DC-DC converter are À5:4, À8:8, and À7:2 V, respectively. When there is a load current of 250 mA, the output voltages of the proposed negative DC-DC converter, one-stage Dickson's negative charge pump, and negative cross-coupled DC-DC converter are À5:1, À3:8, and À4:5 V, respectively. Table III shows the output voltage and power efficiency of each negative DC-DC converter. The proposed negative DC-DC converter has a higher power efficiency than the other negative DC-DC converters because of the increased boosting voltage of nodes C and D, as shown in Fig. 4. 
Measurement Results
The proposed positive DC-DC converter was fabricated using IGZO TFTs. Figure 9 shows the cross-sectional view of the top-gate IGZO TFTs.
11) First, indium-tin oxide (ITO) as a source/drain electrode is deposited by DC magnetron sputtering and patterned. An IGZO layer is deposited as the first step (FS) layer by increasing the RF power or reducing the working pressure during the sputter deposition process to improve the electrical performance of the device related to mobility.
11) An IGZO layer is deposited as the channel layer by RF magnetron sputtering and patterned. Al 2 O 3 is deposited as a gate insulator by the atomic layer deposition (ALD) method at 150 C. The gate electrode is fabricated from ITO and the passivation layer is deposited. Figures 10(a) and 10(b) show the I D -V DS and transfer characteristic curves of IGZO TFTs, respectively. The threshold voltage, field effect mobility, and subthreshold slope of IGZO TFTs are À0:8 V, 20.6 cm 2 /(VÁs), and 0.2 V/dec at room temperature, respectively, where the threshold voltage is defined as the gate voltage where the drain current reaches 100 pA.
Figures 11(a) and 11(b) show measured output voltage waveforms of the proposed positive DC-DC converter without and with the load current, respectively. When there is no load current as shown in Fig. 11(a) , the output voltage of the proposed DC-DC converter is 24.5 V. When there is a load current of 250 mA as shown in Fig. 11(b) , the output voltage of the proposed DC-DC converter is 20.8 V. The measured output voltage and power efficiency of the proposed DC-DC converter are 20.8 V and 66.6%, respectively. Although there is a small difference between the measured and simulated results because of the unwanted parasitic loads in the layout, the proposed positive DC-DC converter meets the requirement for the power supply with a 15% margin of the scan driver in a 2.2-in. qVGA panel: the output voltage is 20 V and the maximum peak load current is 200 mA. Figure 12 shows the micrograph of the proposed positive DC-DC converter. The capacitance of C2 and C3 is 500 pF, and the capacitance of C4-C6 is 200 pF. The test pattern area of the proposed positive DC-DC converter is 4;085 Â 3;625 mm 2 . The proposed DC-DC converters can be integrated into a 2.2-in. qVGA panel because the proposed positive and negative DC-DC converters can be designed in an area of 1:0 Â 25:3 mm 2 , as shown in Fig. 13 .
Conclusions
High-power-efficiency DC-DC converters integrated into a panel using n-type IGZO TFTs are proposed. The simulated results show that the power efficiencies of the proposed positive and negative DC-DC converters are 69.5 and 56.1%, respectively. Compared with Dickson's charge pump, the power efficiencies of the proposed positive and negative DC-DC converters are improved by 11.1 and 10.9%, respectively, as determined from the simulated results, respectively. The measured results show that the output voltage and power efficiency of the proposed positive DC-DC converter are 20.8 V and 66.6%, respectively, at a supply voltage of 10 V and a load current of 250 mA. Therefore, the proposed DC-DC converters are applicable for the scan driver of mobile display applications using IGZO TFTs. (a) (b) 
